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ABSTRACT

A three-component laboratory has been constructed to
éludy the eitcct of soilar or simulated soiav tadiation on
airborne microorganisms. A 45-foot transit tube having cne
surface of sunlight-transmitting glass was designed for the
study of dynamic aercsols of no more than 10 minutes' age.

A 650-11iter revolving dodecagon with a peripher, constructed
with the same glass is used to study aerosols aged 2 minutes
to more than 24 hours. This facility is illuminated either
by 2 heliostat on the roof that reflects natural sunlight
or b’ a xenon light located under the spparatus. Animals
can be exposed toc aerosols irrespectiv~ of the light source
with either transit tube or drum. Stvdies of che action
spectrum of light can be carried out :n a 20-liter chamber
illymineted by 30- or 90-nm bandwidths of light p:ovided

by a plasma light-diffraction grating system. The incre-
ments of light may be selected from a total vrang. of

300 to 2,500 nm. The wethod of data acquisition and some
preliminary experiments are described.
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1. INTRODUCTION*

i ————

The germicidsl activity of ultravioiet aud shorter-wavelength radtation
has been firmly established by many fnvestigators.’”’ Most ot cnhese
investigators have shown that the most active wavelengths are found in the
area of grestest absurption by nucleic acids. The wavelengths of greatest
activity are shorter than 300 nm, which are less than the shortest solar
radiation that strikes the sarth's surface. Exzcept for the phenomenon of
photoreactivation,®" 11 little attention has been given to the cffect of
Waveicugeus ioager than UV nm,

Recently, natural and simulated sunlight have been shown to be detri-
mental to airborne microorgarisms.’®*°'? Preliminary investigations carried
out in our laboratories with both natural and simulated solar radiation
have emphasized the need for research on the tiological effact of sun-
light on airborne microorganisms, and it is for this purpose that our
solar radiation laboratory has been constructed.

Three major research objectives were established for the design of
our laboratory:

1) The study of irradiated airborne microorganisms shortly after
dissemination (aged G to 10 minutes).

2) The study of irradiated airborme microcorganisms for periods es
long as 24 hours aftre “{steminstion.

3) The det: u.tatizu uf the biological action spectrum of sunlight
and the subsequent cetermination of the mechanism of inactivation.

In order to initiate experimental approaches designed to attain the
three major objectives, geveral subsidiar- requirements were estahlished:

1) Provision for environmental control, such &8s tempersture sad
relative humidity.

N LSO ¥ SRS SRR NI S D T SRR AR S« it on o o
. . .

2) & ssstem for the exposure of laboratory animals to the i:rectious
aercsols, :

3) A system for the acquisition of important physical measurements,

such as radiation inteasity and wavelength, temperature, and relarive
humidity.

4) Because the study of hazardous orxganiams was contemplated,
provision for the safe operation of all Zacilities.

* This repoit should not be used as a litersture citation ia material to
be published in the open literature. Readers interested in referencing
the information contsained herein should contact the senior author to
ascertain vhen and where it may appear in citable form.
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1. APPARATUS

Threc specific apparatus systems were designed for studying the effect
of radiation on microorganisms. These are briefly describeds and data
representing the type of {nformatfion that can be obtained using one of
these systems are presented.

A. TRANSIT TUBE

To achieve the first objective, the study of short-aged frradiated
clouds; a 45 0ot (sansit tuke was constructed that consfasted of three
straight sections (Fig. 1) about 15 feet lo g connected by U-chaped elbows.
The tube has a polygonal cross section approximately equivalent in area
to a cylinder of 6 inches in diameter. The device iz iocaied on the
south walil of the buflding and has an outer face of tw s caig of 7910
Vycor®* glaas separated by a nitrogen-filled space of ab.«t 1 frch.
Irradiation of aeroscls moving through the device im poc . ihiz = o +t least
a 2-hour period at any time of year o1 clear days. On the ir,idc ¢ the
buiiding, the tube is fitted wita hinged deors that conta . sa.c. - 23polute
or sampling ports. Temperature is maintained by cfrculatiayg “v¥:. rLlcough
the doors and side walls. For the partial control of light {ateasity,
five sets of screens of different mesh are provided to cover the glase
windows. These may be used to attenuate the incider. light to values
ranging from 11 to 652 of the nunscrzened glass.

Light intonsity over & range of 300 ro 7,500 mm {e measured with a
special 12-thermopile sensor assembly (Fig. 2). Ten of the 12 thermopiles
are fitted with interference filters that allow m2asurement of the energy
in selected ranges; the other two measure the total energy. An identical

sensor is used to determine light intensity in the rotating drum system
that 1is described later.

Cerrain problems have hindered the use of this device. ~rrimarily,
these involve devising techniques for producing turbulent flow and
maintaining airtight seals around the doors. The discovery, however, that
the revolving drum system can be used for studying serosols of as early as
2 minutes of age has turned our attention away from the transit tube
toward this more useful device.

B. MONOCHROMATIC LIGHT CHAMBER

The monochromatic light chamber was constructed to study the effect
of selected radiation bands on airborne microorganisms.

* Corning Glass Company, Corning, N.Y.
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FIGURE 1. Natursl Sunlight Transft Tube.
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FIGURE 2. Sclar Radiation Spectral Energy Sensor.

Its major application will be that of explaining the underlying
mechanisms of phenomena observed with the transit tube and the rotating
drum system.

The aerosol unit of t!is system is a 20-liter cnamber. Teumperature is
controlled by circulating conditioned brine through channels in the sides
of the chamber. On or near the floor of the chamher are mounted semsors
for measuring light intensity, temperature, and dew point., The unit is
too small for animal exposure.

The top of the chamber is Vycor glass to permit passage of light
generated by the monochromator, located on the floor above the chamber.
Figure 3 1s a schematic diagram of the entire system that illustrates the
spatisl relationships of components. The vertical distance from the
directing mirror to the aerosol test chamber is spproximsately 12 feet.
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FIGURE 3. MNMonochromator Chamber System.

The monochromator system is located on the attic floor. The essential
parts of this system are a vortex-stabilirzed radiation source,* an
entrance slit, a concave concentrating mirror, a set of diffraction
gratings, and a flat directing mirror. In addition, light-attenuation
screens and optical filters are provided.

* Giannini{ Scientific Corporation, Santa Ana, Califormia.
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The radiation source is a high-intensity plasma arc unit in which
argun is used as the plaima gag. The entrance slit measures 3.5 inches
wide by 5 inches high. Interposed in the light path is the diffraction
grating system that provides the desired spectral increments.

Two 12- by 14-inch diffraction gratings ar= employed in this system.
One, a 400-lines/mm grating, provides 90-nm wide bands of illumination
between 900 and 2,5C0 nm, The other, a 1,200-1ines/mm grating, provides
30-mn bands between 290 and 950 nm. The desired bandwidth is selected by
rotating the gratii 7 on its index table; selection to within 0.3 and 0.1 nm,
rvespectively, can be achieved.

The system is also equipped with optical filters to reducc second-
order effects and attenuation screens to aid in the control of light
intensity. The desired increment of the spectrum prcvided ty the grating
is reflected downward into the aerosol chamber by the flat mirror.

C. HELIOSTAT - REVOLVING DRUM SYSTEM

To study ?rrrdiated aerosols of up to 24 hours' age, a heliostat -
revolving dium system was fabricated. The use of the revolving drum for
the study of aerosols has been reported by Goldberg et al.2* The essential
components of this system are shown in F:igure 4, The aerosol device is a
revolving dodecagon with a volume of 650 liters, enclosed in a biolegical
safety cabinet system. Fach of the 12 surfaces on the periphery consists
oi panes of Vycor glass. The drum can be operated at any one of six
preset speeds ranging from 2 to 7 rpm. Dissemination, sampling, and
measurement of such physical factors as temperature, dew point, and light
intensity are accomplished through one of the l4~inch hubs of the drum.
The light seusor employed is ldeniical to that installed in the transitc
tube. Six 4-inch ports are drilled in the other hub plate to permit
animal exposure, Sample assessment 1s accomplished within the attached
hood system,

Provisions f~r studying toth natural and simulat .d sclar radiation
have been madc with this system. Solar radiation is simulated by a 10-
kilowatt xenon lamp* mcunted directly beneath the drum. A glass plate cuts

off emissions at wavelengths below 300 nm. A five-position switch permits

the choice of toral light intensities ranging from about 500 ¢c 1,300

mcal cm~2 min-l. Further control of light intensity is provided by the
use of atrenuation screens as for the transit tube.

Natural sunlight is directed into the drum through seviral layers of
Vycor glass from a fixed mirior mounted on a platform fastened to the
roof of the building. The fixed r ' vor reflects an image directed into
it from a 5- by 10-foot front-surtace tracking mirror that is also

* Osram Gesellschaft, Berlin, West Germary.
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mounted on the plat{srm. This mirror and the tracking equipment that
controls it compose the heliostat system, The tracking sensors are
mounted ir the shaft that leads downward from the roof. The vhole system
is constructed to allow either direct tracking of the sun or the collection
of skylight ahead of or behind the sun. Additional control of light
intensity is provided by light-atcenuation screens. After the cover that
protects the heliostat system has been moved out of the way, the entire
system can be controlled from a consoie located in the drum room. The

loss of light intensity resulting from passage through several layers of
glass has been estimated at about 50%.

/\roinding Mirror Sun

>
~

L

Biological
Sclety
Cabinet

d

Artificial Light
Kenon)

FIGURE 4. Heliostat and Revolving Drum System.
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The question of the relationship of the xenon light to natural sun-
light is often raised. Figure 5 shows a repregentative set of curves of
intensity plotted a;ainst wavelength for both kinds of light. It seems
that the xenon source as operated in this system is deficient in what may
possibly bYe the most important area, the near UV. For research purposes,
however, the artificial light has the advantage of being much more
constant, because it is not affected by atmospheric clouds or changes
in air mass.

A comparison of major characteristics of the three devices is presented
in Table 1. Of the three devices discussed, the transit tube has been
the wst troublesome to operate. The primary difficulty has been obtaining
sufiicient tuibulence to produce reasonably homogeneous flow at all points
in the tube cross section. Because we hLave been able to obtain homogeneous
dispersion of aerosols in the revolving drum in about 2 minutes, we have
concentrated our attention upon the heliostat - revolving drum system as
our primary device for determining solar radiation effects. The mono-
chromatic light system will be used to elucidate the mechanisms of the
effects seen with the larger device.

As already indicated, the heliostat - revoiving drum system has been,
thus far, the most useful apparatus of the three types mentioned. A number
of preliminary studies have been conducted in which aerusols of selected
organisms have been exposed to either natural or simulated sunlight.
Preliminary research findings made in the presence of natural and xenon
light seem to be interesting. In almost every case, the aercsol decay
rate of irradiated organisms appeared to increase after a certain period
cf time had elapgsed. The time and rare varied wirth rthe species of
microorganism and light intensity. Representative decay curves are shown
in Pigure 6 for irradiated Escherichia coli and Serratis marcesceans. It is
obvious that the shape of the decay curves for the irradiated organisms is
different than that for the nonirradiated organisms. Fu -ther illustration
of this is given in Table 2, which shows the decay rates for the two
organisms calculated for the 2- to l6-minute and 16~ to 64-minute periods.
The rates for the dark controls decrease after 16 minutes, whereas they
increase for the irradiated cells. This difference suggests that the
effect of irradiation on airborne microorganisms involves mechanism= of
inact ivation supplementary tc those observed in the dark, and the total
inactivation is the product of two different kinds of reactiona. These
findings also suggs st that the mathematical expressions for decay rate
commonly employed are not applicable to irradiated celle, and new
formulations are needed.

The comparison of the spectrum ¢f xenon light with that of sunlight
has already been discussed. A very important poiut, howev r, is the
comparative response of airborne organisms to the natural and artificial
sources of irradiation. Figure 7 18 a graphic representation of the
response of E. coli to sunlight of apprcximstely the same intensity and
other envirommental conditions as shown in the previous figures for
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TABLE 1. COMPARISON OF COMPONENTS OF THE SOLAR RADIATION LABORATORY

Characteristic Transit Tube “d;:::“- Monochromator
Cepacity, liters NA 650 20

Temperature range, C -10 to +4C for all units

Relarive humidity zange, % 12 to 95%5 for all u:its

Maximun age of aerosols approx 10 min 24 hours approx 1 hour
Natural light Yes Yes No
Artificial light No Yes Yes
Light intensity control Poor Moderate Good
Wavelength control None Partisl Good
Aonimcl exposure Yes Yeas No

TABLE 2. EFFECT OF AEROSOL AGE ON DECAY RATE OF IRRADIATED
SERRATIA MARCESCENS AND ESCHERICHIA COLIL

Decay Rate over Indicated Periods
Light Intensity a/ 4
Organism ocal cm'i min-i %/minute
2 to 16 Min 16 to 64 Min

S. marcescens 0 2.06 1.92

70 10,19 14.88
E. coli 0 5.26 1.94

70 18.66 19.10
¢. Light intensity measured from 300 to 400 mm.
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xenon light. The suspensions employed in these tests contained uranine
dye. The respouse to the two kinds of light seems to be very similar,
with the decay pattern being essentially the same.

The second finding is that of the marked sensitivity of irradiated
cells to sodium fluorescein. In our laboratories, this material is
frequently used as a mass tracer of the aerosol. Calculation of physical
loss of fluorescein permits the determination of biological death rate by
simple means. Figure 8 illustrates the toxic effect of uranine on aerosols
of E. coli. Although a reaction of small magnitude was seen in the dark,
the effect on irradiated cells was much greater. The results suggest that
the reaction may be due to a radiatiom-induced change in the dye that
causes it to become toxic for the airborne bacteria. This hypothesis is
consistent with the recent findings of Foote,'® who has investigated the
mechanism of radiation-induced toxicity and has shown that otherwise
innocuous compounds may become toxic after exposure to radiation. The
possibility of adverse effects upon airborne microorganisms resulting
from the interaction of radiation with various substrates will be
investigated further.

D. DATA ACQUISITION

Finally, the method of obtaining and processing physical data is
very important in the study of solar radiation. Physical information
from both transit tube and revolving drum laboratories is acquired by an
electronic system in which the data are punched on paper tape for ultimate
computer analysis. The data consist of the 12 channels of radiation
intensity, dew point, remperature, and, in the case of the tube, airflow
rate. In addition, temperature, dew point, and total and integrated
light intensities for all three laboratories are displayed on recorders
for the investigators' immediate information. Because the wavelength of
light in the monochromatic light system is controlled, it was not
necessary to provide a complex electronic system to acquire data, so
total light intensity, temperature, and dew point are displayed on
recorders.

The mathematical techniques required for processing data hzve not yet
been fully developed. This problem is exceedingly complex and involves
(i) a method for reducing the quantity of physical data to manageable
proportions and (ii) the correlation of observed biological effects with
the various physical phenomena. .
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[1] sTuacY

A three-component laboratory has been constructed to study the effect of solar
or similated solar radiation on airborae microorganisms. A 45-foot transit tube
having one surface of sunlight-transmitting glass was designed for the study of
dynamic aerosols of no wore than 10 minutes' age. A 650-liter revolving dodecagon
with a periphery constructed with the same glass is s...i to study aerosols aged
2 minutes to more than 24 hours. This facility is illuminated efither by a heliostat
on the roof that reflects natural sunlight or by a xenon light located under the
apparatus. Animals can be exposed to aerosols irrespective of the light source
with either transit tube or drum. Studies of the action spectTum of light can be
carvied out in a 20-liter chamber i{lluminated by 30- o1 30-ma bandwidihs of light
provided by a plasma light-diffraction grating system. The increments of light wmay
be selected from a total range of 300 to 2,500 nm. The methcd of data acquisition
and some preliminary experiments are described. ; ~—
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